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In the inner mitochondrial membrane the concerted ﬂow in
cytochrome c oxidase of four electrons from cytochrome c to oxygen,
via CuA→ heme a→ heme a3 and CuB, is coupled to pumping of up to
four H+ from the inner matrix N to the outer P space separated by the
membrane [1,2], in addition to the uptake from the N space of the four
H+ consumed in the reduction of dioxygen to two water molecules
[3,4]. Various mechanisms have been developed in which proton
pumping in the oxidase is conceived to be associated with the oxygen
reduction chemistry at the high-spin heme a3-CuB binuclear center [5–
7]. On the other hand models involving coupling at heme a (and CuA)
have also been proposed [1,8–18]. Since there are no hydrogen carriers
in the oxidase, proton pumping has to involve, in either cases,
thermodynamic, cooperative linkage between oxido-reduction of themetal centers and proton transfer at acid/base groups in the enzyme
(redox Bohr effect) [4,16,19].
Bovine heart cytochrome c oxidase, the prototype of the mamma-
lian enzyme, is constituted by three subunits, I, II and III, conserved
from prokaryotes to eukaryotes, encoded by the mitochondrial
genome, and 10 nuclear encoded supernumerary subunits [20,21].
The binuclear CuA center, titrating as one electron transfer entity, is
bound to subunit II at the outer surface of the oxidase in the
membrane. Hemes a, a3 and CuB are bound to subunit I at around two
thirds of the membrane span from the inner and one third from the
outer surface [21].
Mutational analysis (see for review [22]) and X-ray crystallo-
graphic structures [21,23] have identiﬁed two conserved proton
transfer pathways in subunit I of cytochrome c oxidase, the K and D
pathways. The K pathway mediates the conduction from the N space
to the a3-CuB binuclear center of two of the four scalar protons
consumed in the reduction of O2 to 2H2O. The other two scalar
protons for H2O formation are conducted from the N space to the
binuclear center by the D pathway [6,21–25]. This latter pathway
appears to be involved, at least in the prokaryotic oxidase, also in the
translocation of the four pumped protons from the N space to the
coupling site of the proton pump [6,21–25]. X-ray crystallographic
structure of the bovine oxidase shows also an additional H proton
transferring pathway with a water channel conducting protons from
the N space to the environment of heme a and a hydrogen bond
pathway conducting protons from this to the P space [12,21].
Bovine heart cytochrome c oxidase exhibits a complex network of
cooperative and anticooperative thermodynamic linkage between
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protolytic groups, like metal ligands, heme porphyrin substituents
and aminoacid residues in the protein [1,16,26,27]. Positive hetero-
tropic cooperative H+/e− linkage at CuA, hemes a and a3 is manifested
by the pH dependence of their midpoint potential. By analogy with
the alkaline and oxidation Bohr effect in hemoglobin [28,29], Papa et
al. have denominated this H+/e− linkage in membrane bound
cytochromes, redox Bohr effect [4,19].
According to the electroneutrality principle a charge compensa-
tion effect can, in ﬁrst instance, provide the basis for the thermody-
namic proton–electron coupling in the oxidase [30,31]. Redox
transitions of the metal centers [12,32] as well as ligand binding
[33] to the oxidase induce, however, conformational changes in the
tertiary structure of the protein structure with changes in the overall
distribution of charges which can overrride simple electrostatic
effects [34]. In what follows structural and functional observations
will be reviewed which provide evidence showing the occurrence of
redox Bohr effect linked to the low-spin heme a and its role in the
proton pump of bovine heart cytochrome c oxidase.
2. Structural and functional evidence of redox Bohr effect linked
to the low-spin heme a
Structural [9,12] and functional data [8,10,14,15,18,35], as well as
theoretical considerations [13] from different groups provide evi-
dence showing the occurrence of redox Bohr effects linked to the low-
spin heme a in bovine heart cytochrome c oxidase. Picosecond time
resolved tryptophan ﬂuorescence shows conformational changes
linked to the redox state of heme a [36]. Non-resonant Raman
spectroscopy revealed in the oxidized bovine cytochrome c oxidase a
peak at around 1645 cm−1 that disappeared in the reduced state [37].
Comparisons of the Raman spectra of the unliganded oxidase with
those exhibited by the CN-ligated oxidase, quinol oxidase which lacks
CuA, cytochrome c, and imidazole derivatives of the extracted
hemochrome allowed the assignment of the redox-sensitive Raman
peak to a transition in the stretching vibrational mode of the C = C or
C = N bond in the imidazole ring of one of the two axial histidine
ligands of the low-spin heme a [37]. The X-ray crystallographic
structures of the oxidized and fully reduced bovine oxidase [12] reveal
that reduction of the oxidase results in a few degree rotation of the
imidazole plane of His-I378 on the axis perpendicular to the
porphyrin plane. Resonance Raman spectroscopy showed that
oxido-reduction of heme a is associated with structural perturbation
in its environment, a change, in particular, in the strength of the
hydrogen bond between the porphyrin formyl-carboxyl and a basic
residue in the protein [9], the conserved R-38 in subunit I [12]. X-ray
crystallographic analysis shows also that reduction of the oxidase
causes the rupture of a hydrogen bond between the OH group of the
hydroxyfarnesyl substituent of heme a and Ser-I382 [12]. A
conformational wave induced by reduction of heme a reaches the
outer cytosolic surface of subunit I in contact with subunit II. A
segment of subunit I moves towards the surface with the carboxylic
group of Asp51 becoming exposed to the aqueous phase [12]. Redox
transition of heme a is, thus, associated with conformational changes
in the oxidase which, like in the case of the Bohr effect in hemoglobin
[28], extend from the Fe-ligand and porphyrin substituents of the
heme to the surface of the protein. It can be noted that the above
conformational changes, involve protolytic groups belonging to the H
proton conduction pathway identiﬁed by Yoshikawa et al. [12] in the
crystallographic structure of the bovine heart cytochrome c oxidase.
Mutational analysis indicates, however, that the H pathway is not
important for proton conduction in bacterial cytochrome c oxidase
[22,38]. More recent X-ray crystallographic analysis of Muramoto et
al. [32] show also that in the reduced bovine oxidase a water molecule
is ﬁxed by hydrogen bonds between His-503 and Asp-91 at the
entrance mouth of the D proton conducting pathway. On oxidationthe His-503 imidazole plane rotates by 180° so to break the hydrogen
bond to the protonated water and releases a proton to Asp-91. On
reduction, Asp-91 transfers the proton to the inner residues of the D
pathway. It is interesting to note that the X-ray structures show that
His-503 of subunit I is hydrogen bonded by a water molecule to Glu-5
of subunit VIIc at the entry mouth of the D channel and there is also in
the vicinity the His-3 of subunit III. The above conformational
changes, which might directly or indirectly contribute to proton
pumping, are a long way from the environment of the high-spin a3
and the oxygen reduction site, for which no equivalent conforma-
tional changes have so far been detected [12,32].
Redox Bohr effects in the oxidase can be analysed, in the absence of
additional contribution from the oxygen reduction intermediates, in
anaerobic oxido-reduction of the metal centers by artiﬁcial redox
mediators. To dissect the contribution of the individual centers, the
redox titrations are extended to carbon monoxide ligated cytochrome
c oxidase, in which heme a3 and CuB are clamped in the reduced state,
and cyanide-ligated oxidase in which heme a3 is blocked in the
oxidized state.
Redox titration in the CO-ligated isolated bovine heart cytochrome
c oxidase showed that the low-spin heme a and CuA exhibit
superimposed pH dependence of the midpoint redox potentials,
which decrease, for both, by about 20 mV in the pH range 6.0–8.5 [14].
Direct measurements from the author's laboratory showed that in the
CO-ligated soluble oxidase the oxidation of heme a and CuA was
coupled with the release and reduction with the uptake of≈ 1 H+ per
COX molecule in the pH range 6.0–8.5 [14]. Similar results were
obtained by Forte et al. [39] who found that complete reduction of
heme a (and CuA) in the Paracoccus denitriﬁcans cytochrome c
oxidase is coupled to the uptake of≈0.8 H+ per COXmolecule. A ratio
of electron/proton coupling of around 1 at only one of these two
centers would apparently be inconsistent with the decrease of the
respective Em of only 20 mV per pH unit increase [40]. This problem is
however solved by ﬁnding of the superimposed pH dependence of
heme a and CuA redox potentials [14]. This implies that oxido-
reductions of the two metals share cooperative linkage with pK shifts
of two or more acid/base groups whose overall balance results in the
observed H+ exchange [14].
Verkhovsky et al. [41] examined further the H+ transfer associated
to oxido-reduction of heme a. They measured the H+ release caused
by consecutive additions of substoichiometric amounts of ferricyanide
to the same sample of CO-inhibited bovine cytochrome c oxidase and
found that the H+/COX ratio for proton release was, under these
conditions, never higher than 0.4. Capitanio et al. [35] showed,
subsequently, that in order to obtain an H+/heme a, CuA ratio
approaching 1 in the CO-inhibited oxidase, one-step full oxidation of
bothmetal centers has to be caused by the addition of a stoichiometric
amount of ferricyanide. Partial oxidation or reduction of heme a and
CuA did give H+/heme a ratios signiﬁcantly lower or higher than 1
respectively [35].
These observations, which solved the apparent discrepancy with
the results of Verkhovsky et al. [41] showed, that as a consequence of
shared coupling of both heme a and CuA with a common acid/base
cluster [14], whilst one electron reduction of CuA or heme a is
sufﬁcient to producemaximal protonation of the cluster, release of the
proton from the cluster will take place only when both heme a and
CuA are oxidized [35].
The phenomenological quantitative ﬁt of the pH dependence of the
Em of heme a (and CuA) with the number of H+ transfer associated
with oxido-reduction of these two centers [14,35], the equivalence of
this coupling number with the maximal stoichiometry of proton
pumping by cytochrome c oxidase, amounting to 1 H+ per electron
transfer from cytochrome c oxidase to oxygen [1,2], provide converg-
ing experimental evidence for the essential role of the low-spin heme a
in the proton pumping mechanism. Proton pumping coupled to redox
transition of heme a and CuA is thermodynamically driven by the
1289G. Capitanio et al. / Biochimica et Biophysica Acta 1807 (2011) 1287–1294overall electron transfer from cytochrome c to oxygen with an actual
difference of redox potential large enough to support H+ pumping
against a bulk phase, electrochemical proton gradient, of around 250
mV [1].
3. The membrane sidedness of redox Bohr protons
The membrane sidedness of Bohr H+ coupled to oxido-reduction
of the metal centers is investigated in liposome reconstituted bovine
heart cytochrome c oxidase (COV).
The redox centers of puriﬁed cytochrome c oxidase reconstituted
in COV are fully reduced by the photo-activated riboﬂavin system or
by succinate using a trace of disrupted mitochondria. Valinomycin
plus K+ are present in the suspension to collapse the membrane
potential eventually originating from vectorial H+ translocation.
Rapid oxidation of the redox centers by the addition of a stoichio-
metric amount of ferricyanide results, in the two cases, in synchro-
nous release of the same amount of protons in the outer aqueous
phase (Hi+) (Fig. 1). This represents the overall redox Bohr protons
linked to oxidation of the four metal centers in the oxidase. When
succinate is present as reductant, the initial oxidation phase isFig. 1. Experimental procedure used to analyse the sidedness of H+ transfer associated w
experimental traces (B). COV (1.0 μM) was suspended in 150 mM KCl and supplemented w
rotenone, 1 mM EDTA, pH 7.2, 25 °C. After full reduction of COX (and cytochrome c) achieve
with the addition of an amount of anaerobic ferricyanide stoichiometric with the sum of the
in the outer phase (Hi+) was observed, followed by slow re-reduction of the oxidase (and cy
also panel B). The ﬁnal amount of proton release (Hf+) was obtained by subtracting from the H
release directly arising from the oxidation of succinate to fumarate, equal to the sum of the r
of H+ release in the anaerobic ferricyanide oxidation of COV reduced by the photo-activated E
same initial rapid proton release (Hi+) was observed upon oxidation in both conditions. An e
oxidation-re-reduction cycle of succinate reduced COX, which was suppressed in the uncoup
further details see section 3.followed by slow re-reduction of the redox centers of the oxidase by
succinate, with further slow H+ release deriving from succinate
oxidation (Fig. 1B). When this is completed, an extra H+ release is
observed with respect to the amount of ferricyanide added. In the
presence of CCCP, which equilibrates the inner and the outer pH, the
same initial rapid acidiﬁcation is obtained upon oxidation of the
oxidase, but no extra-acidiﬁcation with respect to the ferricyanide
added is observed at the end of the re-reduction of the oxidase. In the
coupled condition, correction for the H+ release originating from
succinate oxidation leaves a ﬁnal amount of H+ left in the external
space (Hf+). If Hf+ is equal to Hi+, the Bohr H+ released in the external
space upon oxidation of the redox centers are all taken up from the
liposome internal space, separated from the external space by the
relatively proton-impermeable proteoliposomal membrane. If, on the
other hand, Hf+ is equal to zero, all the Bohr protons released outside
upon oxidation of the metal centers are taken up from the same outer
space. In the case that Hf+ is only partially reduced with respect to Hi+,
the difference Hi+ minus Hf+ represents the fraction of scalar Bohr
protons exchanged at the outer side of COV and the residual Hf+, the
fraction of the vectorial Bohr protons. In Table 1 the statistical analysis
of a collection of these measurements carried out in our laboratoryith redox transition of the metal centers in cytochrome c oxidase vesicles (A) and
ith 1.5 μM cytochrome c, 4 μM valinomycin, 0.05 mg/ml frozen-thawed BHM, 1 μg/ml
d in about 10 min after addition of 2 mM succinate, fast oxidation of COX was obtained
reduced metal centers. Upon rapid oxidation of the oxidase, synchronous proton release
tochrome c) accompanied by further slow acidiﬁcation due to succinate oxidation (see
+ releasemeasured at the end of the oxidation-re-reduction cycle, the chemical proton
e-reduced COX metal centers plus cytochrome c. Panel B shows the experimental traces
DTA/riboﬂavin system [42] (dotted traces) or succinate reduced COV (solid traces). The
xtra-acidiﬁcation with respect to the ferricyanide added was measured at the end of the
led condition, where the presence of 5 μMCCCP equilibrated the inner and outer pH. For
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total amount of H+ release following the oxido-re-reduction cycle
elicited by the addition of ferricyanide to succinate supplemented
COV and the amount of ferricyanide added. It can be noted that in all
the conditions tested an extra H+ release is observed with respect to
the amount of ferricyanide added. This extra H+ release is abolished in
the presence of CCCP. Hi+ increases as the pH of the COV suspension is
raised. On the contrary the ﬁnal amount of H+ release (Hf+), after re-
reduction of the oxidase by succinate, decreases with the pH of the
suspension. This means that the fraction of scalar Bohr protons
increases with pH, that of vectorial Bohr protons decreases.
In order to verify to which redox center the vectorial and the scalar
Bohr protons are associated, the same analysis is carried out, with
liposome reconstituted carbon monoxide-ligated [10] or cyanide-
ligated oxidase (Table 1). In the carbon monoxide-ligated oxidase, in
which only the low-spin heme a and CuA undergo oxido-reduction,
the ﬁnal proton release (Hf+) after the oxido-re-reduction cycle is
equal to the initial proton release (Hi+). Thus all the Bohr H+
associated with heme a and CuA, amounting to around to 0.9 per
oxidase molecule in the pH range 7.4–8.2 are vectorial, it is to say
released in the external space upon oxidation of the metal centers and
taken up from the inner space upon reduction (Fig. 2, see ref. [10]).
Also in the cyanide-ligated oxidase, in which in addition to CuA and
heme a also CuB undergoes oxidation-reduction, the ﬁnal H+ release
is equal to initial H+ release, it is to say all the Bohr protons are
vectorial. At pH 6.5 an extra fraction of 0.4 vectorial Bohr protons per
oxidase is found with respect to that measured in the CO-ligated
oxidase. This, attributed to oxido-reduction of CuB, disappears at pH
8.2, where the vectorial Bohr protons in the cyanide-ligated oxidase
are practically equal to those in the CO-ligated oxidase. The Bohr
protons linked to heme a3 do not exhibit, on the other hand, vectorial
property (Fig. 2).
4. The protonmotive catalytic cycle of cytochrome c oxidase
The vectorial nature of Bohr H+ at heme a (and CuA) qualiﬁes this
positive heterotropic H+/e− cooperative linkage at the low-spin hemeTable 1
Statistical analysis of the sidedness of H+ transfer linked to redox transitions of the metal c
Experimental conditions pH HT+/FIC Hi+/C
Unligated Coupled 6.7 1.15 ± 0.01 (9) 1.60
Uncoupled 0.96 ± 0.03 (9)
Coupled 7.2 1.14 ± 0.02 (5) 1.74
Uncoupled 0.91 ± 0.04 (7)
Coupled 8.2 1.21 ± 0.02 (12) 2.17
Uncoupled 1.02 ± 0.01 (12)
CO-ligated Coupled 7.4 1.25 ± 0.02 (8) 0.90
Uncoupled 0.90 ± 0.05 (8)
Coupled 8.2 1.33 ± 0.03 (7) 0.95
Uncoupled 1.01 ± 0.01 (6)
CN-ligated Coupled 6.5 1.26 ± 0.01 (9) 1.37
Uncoupled 0.98 ± 0.05 (4)
Coupled 8.2 1.15 ± 0.01 (10) 0.85
Uncoupled 0.95 ± 0.04 (4)
The values, mean± S.E.M. reported for COX oxidation and H+ release are given as μM change
The oxidase vesicles (COV) were sealed by the cholate dialysis methods and characterized a
these conditions heme a3 and CuB are blocked in the reduced state [44]. To produce the CN-lig
and the typical Soret shift from 420–422 nm to 428 nm in the treated oxidized enzyme w
Simultaneous recording of absorbance and pH changes was carried out as in [47]. The concen
cm−1 for heme aa3 [42,48]. To determine the concentration of aa3 in the CN- and CO-inhibite
21.9 mM [44] were respectively used. The measurements in the unligated, CO-ligated and C
the legend of Fig. 1, at the indicated pH and 25 °C. Reduction of themetal centers of COXwas
COV suspension. Oxidation was produced by the addition of a stoichiometric amount of an
metal centers was followed by slow complete re-reduction in the presence of the succina
following the oxido-re-reduction cycle elicited by the addition of ferricyanide to succinate s
between the initial proton release associated with the transient oxidation of metal centers an
release left after correction for chemical H+ derived from succinate oxidation at the end of th
Hi+/COX – Hf+/COX represents the amount of H+ released into and taken back from the ou
performed under each condition is indicated in brackets.as an element of the proton pump of cytochrome c oxidase. Such a
function would, by the way, explain the presence, in proton pumping
heme-copper oxidases, of the low-spin heme in addition to the high-
spin heme-copper binuclear center where the oxygen reduction
chemistry takes place [22,24,51].
In Fig. 3 a model is presented on the mechanism of the proton
pump in bovine heart cytochrome c oxidase which emphasizes the
role of the redox Bohr effect at the low-spin heme a (and CuA) (C1
cluster). It has been shown that the inner (N) negative side pH, the
matrix mitochondrial space is signiﬁcantly higher than 7.4 under
physiological respiring conditions, controls the efﬁciency of proton
pumping [52]. The situation at alkaline pH of the N side is thus
presented. The proton pumping steps are partitioned between the
reductive and the oxidative halves of the catalytic cycle of dioxygen
reduction to 2 H2O [17,53–55]. At the respiring steady state the cycle
starts with the fully oxidized enzyme. Two OH− are bound at the
heme a3-CuB binuclear site. It is assumed that at alkaline pH's of the N
space protonation of the two OH− bound at the binuclear site takes
place only upon reduction of heme a3 and CuB [56]. Upon transfer of
two electrons from ferrocytochrome c to heme a3-CuB, via CuA/heme
a, to generate the mixed valence (MV state), the two OH− bound at
the binuclear site are protonated to 2 H2O by 2 H+ coming from the N
space via the K proton conducting pathway [6,25] and H2O is released
from the binuclear site. X-ray crystallographic analysis shows, in fact,
that the space between the Fe of heme a3 and CuB is occupied by two
oxygen atoms in the oxidized state but it is empty in the reduced state
[12]. At the same time of H2O formation 2 H+ are pumped in the P
space. The scheme shows that the H2O formed at the binuclear site is
ﬁnally released in the outer (P) space. This might take place via a
channel with aMg2+ site [21,57], contributed by residues of subunits I
and II [21] (see however [58,59]). O2 upon binding at the reduced
binuclear center undergoes reductive cleavage. Two electrons come
from the oxidation of Fea32+ to Fea34+, one from CuB1+ and the fourth,
together with a chemical proton, from a tyrosine residue, with
generation of the PM intermediate [60]. No signiﬁcant transmem-
brane electrogenic event is produced in this transition. The transfer of
the third electron via CuA/heme a to the binuclear site, which convertsenters in liposome reconstituted cytochrome c oxidase vesicles.
OX Hf+/COX Hi+/COX – Hf+/COX Ref.
± 0.10 (9) 1.17 ± 0.08 (9) 0.43 ± 0.09 [10]
[10]
± 0.11 (5) 1.11 ± 0.08 (5) 0.63 ± 0.10 Unpublished
Unpublished
± 0.09 (12) 0.92 ± 0.08 (12) 1.25 ± 0.09 [10]
[10]
± 0.10 (8) 0.86 ± 0.07 (8) [10]
[10]
± 0.04 (7) 0.98 ± 0.06 (7) [50]
[50]
± 0.06 (9) 1.30 ± 0.04 (9) Unpublished
Unpublished
± 0.04 (10) 0.74 ± 0.04 (10) Unpublished
Unpublished
s. Cytochrome c oxidase was puriﬁed from beef heart mitochondria as described in [43].
s in [2,42]. The CO-ligated cytochrome c oxidase was prepared as described in [10]; in
ated oxidase, COVwere incubated in 6–15 mMKCN, depending on pH, overnight at 4 °C
as obtained [45]; in these conditions heme a3 is blocked in the oxidized state [46].
tration of aa3was determined using a μM extinction coefﬁcient at 445–470 nm of 0.188
d cytochrome c oxidase a Δε at 605–630 nm of 21.6 mM [49] and a Δε at 604–630 nm of
N-ligated cytochrome c oxidase were all carried under identical conditions as shown in
produced by succinate plus a trace of disrupted beef heart mitochondria in the anaerobic
aerobic ferricyanide solution. The ferricyanide-induced rapid oxidation of the oxidase
te/BHM system. HT+/FIC represents the ratio between the total amount of H+ release
upplemented COV and the amount of ferricyanide added. Hi+/COX represents the ratio
d the amount of oxidized COX. Hf+/COX represents the ratio between the amount of H+
e oxidation-re-reduction cycle and the amount of COX undergoing oxido-re-reduction.
ter aqueous phase in the oxidation-re-reduction cycle. The number of the experiments
Fig. 2. Sidedness of Bohr protons linked to anaerobic redox transition between the fully
reduced (R) and the fully oxidized (Oan) cytochrome c oxidase. P, outer aqueous space;
N, inner aqueous space; shadowed grey oval, cluster C1 linked to heme a; C2b, cluster
linked to CuB; C2a, cluster linked to heme a3. At alkaline pH the C2b cluster is essentially
deprotonated, both in the oxidized and reduced state.
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N space. One H+, together with the electron converts the tyrosine
radical to protonated tyrosine. The other H+ is pumped into the P
space. The transfer of the fourth electron via CuA/heme a to the
binuclear center, which converts the F to the O intermediate, is
associated with the uptake of 2 H+ from the N space. One is the fourth
chemical proton utilized in the conversion of Fea34+=O to Fea33+-OH−,
which, like the third, is conducted by the D pathway [6,25], the other
is the fourth pumped H+. The C1 cluster coupled to reduction/
oxidation of heme a (and CuA) mediates the translocation of 1
pumped H+ per each of the four electrons transferred from
ferrocytochrome c to the binuclear site in the reduction of O2 to 2
H2O. The lack of proton pumping in theMV→ PM conversionmight be
consistent with the X-ray crystallographic analysis of bovine heart
cytochrome c oxidase [33] showing that binding of CO or NO to Fea32+,
likely also of O2, induces a conformational change in helix X of subunit
I, which would prevent free exchange of H+ between the N space and
the environment of heme a. On the basis of the crystallographic
structures of the bovine heart oxidase Muramoto et al. [33] have
proposed that upon reduction of Fea3 and CuB four pumped protons
are conducted from the N space, by the water channel of the H
pathway in the open state, to the hydrogen bond network at theenvironment of heme a, which includes Arg-I38 and formyl and
propionate of heme a (cluster C1 ?). Upon O2 binding at the binuclear
site, with its reductive cleavage and formation of the P intermediate,
the water channel of the H pathway acquires a closed state preventing
further H+ translocation. In the successive steps of the catalytic cycle
the 4 protons in the H-bond network at heme a are released towards
the P space. This proposal does not, however, seem to be consistent
with the H+/e− ratios of ≈1 and ≈2 for the redox Bohr effects
measured in the anaerobic redox transition of heme a and CuA in the
CO-ligated bovine oxidase, and of the two hemes and two coppers in
the free oxidase respectively (see Table 1), neither with the observed
steps of the release of pumped protons [17,42,53] and membrane
potential formation [53] which are partitioned between the oxidative
and the reductive steps of the catalytic cycle. It might, instead, be
possible that 2 pumped protons are translocated by the water channel
of the H pathway in the O → MV step and the other 2 by the D
pathway up to Glu-I242, followed in both cases by further transfer to a
pump site above the hemes (Fig. 3). Papa et al. proposed, already in
1998 [11], a switch mechanism of the conserved Glu-I242 at the inner
end of the D pathway, in which it would move, during electron
transfer at the low-spin heme (see also [51]), between two positions,
one in which it transfers pumped protons to the C1 cluster, the other
in which it transfers scalar protons to the binuclear site.
An argument raised against the role in proton pumping of redox
Bohr protons coupled to heme a is the observation that reduction of
heme a, which takes place in 10–20 μs, is not accompanied by
synchronous electrogenic movement of positive charges from the N
space along two thirds of the membrane span to reach the
environment of heme a at one third or less of the membrane span
from the P surface [61,62]. The redox Bohr effect at heme a (and CuA)
is the net result of thermodynamic heterotropic interactions of
electron transfer at the metal centers and proton transfer in a cluster
of protolytic groups in the enzyme [14,16,63]. These can include both
positive cooperative and negative (anticooperative) e−/H+ linkage
[16,34]. The expected net charge displacement along the axis
perpendicular to the membrane plane can be minimized, in
intermediate steps of proton transfer, among multiple protolytic
groups located at small/negligible distances perpendicular to the
plane of the membrane. Such a situation may arise, for example, if the
reduction of heme a (and CuA) is initially associated with proton
transfer from H2O located in the proximity of heme a, near the formyl
substituent of the porphyrin, to nearby residues [64]. This proton
movement which can take place without signiﬁcant charge translo-
cation perpendicular to the membrane plane, in addition to that
generated by electron ﬂow from CuA to heme a [16,18,61,62] is then
followed by slower (≈150 μs) electrogenic proton transfer from the N
space to the heme a environment at the same time of electron transfer
from heme a to the binuclear site [16,18,65].
The implication of interactive coupling of heme a and CuA with a
common acid/base cluster is that at the steady-state electrons
delivered from cytochrome c have to pass one at a time through CuA
and heme a and reach the binuclear site to result in the pumping of up
to 1 H+ per electron transfer [35]. This might be one of the causes of
the slip in the proton pump observed at high pressure of electron
delivery to the enzyme and/or high transmembrane ΔμH+ [2].
At acidic pH's a small fraction of vectorial Bohr H+ is coupled to
oxido-reduction of CuB. This amounts to around 0.4 H+ per oxidase
molecule and is practically absent at alkaline pH's. This pH dependent
Bohr H+ linked to CuB, might be related to the pH dependent
cooperative interaction of heme a and CuB observed at acidic pH's but
absent at pH's above 7.5 [66,67]. At acidic pH's of the N space, a
situation which under physiological conditions is, however, hardly
experienced by the membrane associated oxidase, the redox Bohr H+
coupled to CuB could result in a contribution to proton pumping.
The identity of the acid/base groups of the C1 cluster coupled to
redox transition of heme a remains still to be solved. A role of the
Fig. 3.Model of the protonmotive catalytic cycle of reduction of O2 to 2H2O by ferrocytochrome c in bovine heart cytochrome c oxidase in the coupling membrane at the respiratory
steady-state, at inner N side, alkaline pH. P, outer aqueous space; N, inner aqueous space; shadowed grey oval, cluster C1 linked to heme a; C2b, cluster linked to CuB; C2a, cluster
linked to heme a3. The steady-state turnover of the oxidase starts with electron delivery from ferrocytochrome c to the fully oxidized COX. The vectorial Bohr protons are shown in
red. At inner N side, alkaline pH water formation occurs upon reduction of the binuclear center with the uptake of the last two chemical protons from the N space. At alkaline pH
cluster C2b does not take part in proton pumping. It can be noted that the C2a cluster is always in the protonated state in each step of the catalytic cycle. The black arrow indicates the
input channel of the scalar protons from the N space to the oxygen reduction site. This involves the K pathway in the MV→ PM transition, and the D pathway in the F→ O and
O→MV transitions. The input pathway of the pumped protons from the N space to the C1 cluster is shown by a red arrow. This could involve the Hwater channel in the O→MV step
(reduction of Fea3 and CuB) and the D pathway in the PM→ F and F→ O steps (see text for details).
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Arg-I38 in the proton pump of the bovine oxidase has been proposed
by Yoshikawa et al. [12]. In the Rhodobacter sphaeroides cytochrome c
oxidase the mutation R-I481L (equivalent to the bovine Arg-I438)
lowers the steady-state respiring activity to 5% of the control [68],
disrupts the hydrogen bond between the heme a formyl and Arg-I52
(equivalent to the bovine Arg-I38) [69], and lowers to 40% of the
control proton pumping [68]. The observation that the mutation of
Arg-I481 to leucine, which cannot transfer protons, does not abolish
completely proton pumping, would rule out a direct role of Arg-I481
in the transfer of pumped protons (see however [27,70]). Resonant
Raman spectroscopy indicates that Arg-I481 partecipates in anextended hydrogen bonding network, involving the D-propionates
of heme a and heme a3, two water molecules and His-I334 ligand of
CuB [69]. This network could be an extension of the C1 cluster, and its
alteration by the Arg-I481 mutations in bacterial oxidase could impair
efﬁciency of proton pumping.
According to current models of the proton pump in bacterial
cytochrome c oxidase electron transfer (to the binuclear site) results in
an increase in the pK of acid/base group(s) (the D-propionate of heme
a3 [70,71], Arg-I481 [72]), which accept(s) pumped protons from Glu-
I286 at the inner end of the D pathway and transfer(s) them towards
the P space [7,27,70]. The Bohr H+ observed upon anaerobic oxido-
reduction of heme a3 is released upon oxidation and taken up upon
1293G. Capitanio et al. / Biochimica et Biophysica Acta 1807 (2011) 1287–1294reduction at the outer P side of the membrane associated bovine
oxidase (see Fig. 1 and Table 1). This scalar Bohr effect, which is a sign
of the pK shift of acid/base groups linked to heme a3, is observed upon
full anaerobic oxido-reduction of this heme. In the turning over
oxidase upon reduction of the oxidized enzyme (O→ MV transition)
two OH− bound at the binuclear site are protonated to 2 H2O, which
leave the site. The two electrons transferred to the site are kept in the
oxygen reduction intermediates, together with two additional
electrons delivered from ferrocytochrome c in the PM→ F and F→ O
transitions. It is conceivable that under these conditions the Bohr
group coupled to heme a3 is kept by electrostatic compensation
protonated throughout the cycle, in a protein-site conformation that
prevents annihilation of the pumped protons in the formation of H2O.
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